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Abstract We overview the recent progress in the investigation of the antikaon 
dynamics with single nucleon and with few-body nuclei, based on chiral SU(3) 
symmetry. We first show how the yl(1405) resonance emerges from the coupled- 
channel KN--kS interaction. Next, we present the construction of an up-to-date 
KN interaction in response to the recent measurement of kaonic hydrogen. Fi- 
nally, we discuss the possibility of the antikaon bound states in nuclei from the 
perspective of few-body physics. 

Keywords KN-wE interaction ■ Chiral SU(3) dynamics • /l(1405) • K nuclei 
1 Introduction 

Antikaon (K meson) plays a peculiar role in hadron and nuclear physics. On 
one hand, K is regarded as a pseudo Nambu-Goldstone boson associated with 
spontaneous breaking of chiral SU(3)# x SU(3)i symmetry. On the other hand, K 
is moderately massive due to the strange quark mass. As a consequence of this 
dual (chiral/massive) nature, plenty of interesting phenomena have been discussed 
in the KN and ^-nuclear systems pQ. At the same time, the KN interaction is 
a suitable testing ground for investigating the interplay between spontaneous and 
explicit chiral symmetry breaking in low-energy QCD. Among others, we here 
address the following issues: 

— What is the structure of the /l(1405) resonance? 

— How can we construct a realistic KN-tvS interaction? 

— Is K bound in few-body nuclei? 

Through these questions, we introduce recent developments of antikaon physics 
from theoretical as well as phenomenological viewpoint. 
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Fig. 1 Feynman diagrams for the meson-baryon interactions in chiral perturbation theory, (a) 
Weinberg- Tomozawa interaction, (b) s-channel Born term, (c) u-channel Born term, (d) NLO 
interaction. The dots represent the 0(p) vertices while the square denotes the 0(p 2 ) vertex. 



2 Nature of the yl(1405) resonance 



When K is combined with one nucleon, it is mandatory to consider the negative 
parity excited baryon in the isospin 1 = channel, the /t(1405) resonance. This 
resonance locates slightly below the KN threshold, and its structure has been 
an issue in hadron physics for a long time. While the conventional quark model 
reproduces systematics of the excited baryons, /1(1405) is a well-known exceptional 
state which largely deviates from the theoretical prediction [2]. In contrast, K 
interacts with the nucleon by strong attraction in the coupled-channel vector- 
meson-exchange model 3 , so the /1(1405) resonance can be well described as a 
quasi-bound state of the KN system embedded in the n£ continuum. 

This latter picture is reformulated from modern viewpoint as the chiral coupled- 
channel approach [4,5,6,7,1, in which the interaction derived from chiral pertur- 
bation theory is plugged into the scattering equation. This is in essence similar to 
the chiral EFT approach for nuclear force [8]. In the s-wave meson-baryon scat- 
tering, the interaction kernel V(W) is a function of the total energy W, which is 
put in the scattering equation to obtain the scattering amplitude T(W) as 

T(H/) = V(W)- 1 -G(W;a)' (1) 

where G(W; a) represents the loop integral whose ultraviolet divergence is removed 
by the dimensional regularization and the finite part is specified by the subtraction 
constant a. The interaction kernel as well as the scattering amplitude are given 
by matrices in meson-baryon channel space, and the off-diagonal components of 
V cause the transition between different channels. The interaction kernel can be 
sorted out by the counting rule in chiral perturbation theory: 



V =V TW + V Born + Vnlo + • • ■ , (2) 

where Vrw and Veorn are 0(p) terms and next-to-leading order (NLO) interac- 
tion Vnlo is counted as C(p 2 ). Diagrammatic expression of each term is shown 
in Fig. [I] If the attractive interaction is strong enough, a pole singularity can 
be generated in the scattering amplitude in Eq. which is interpreted as a 
baryon resonance. The most important piece in the leading order 0(p) term is the 
Tomozawa- Weinberg interaction Vrw [9ll 1 OJ ■ This term shares common features 
with the vector- meson-exchange potential 3 through the flavor SU(3) symmetry. 
It has been shown that 71(1405) and S = — 1 meson-baryon scattering are well 
described in this framework 4 ( 5,[6|EIII]- 

An interesting point to be noted here is that /1(1405) is accompanied by two 
poles [11! as shown in Fig. [2] The origin of these poles can be traced back to the 
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Fig. 2 Absolute value of the analytic continuation of the scattering amplitude |T(.z)| of the 
KN elastic channel in the second Riemann sheet of the complex energy z plane. 



Tomozawa- Weinberg term for KN(i = = 2) systems 



where uji represents the meson energy in channel i and / is the meson decay 
constant. We find that the diagonal interactions in both KN and tyS channels 
are attractive. Because the Tomozawa- Weinberg interaction was originally derived 
by the chiral low energy theorem, the interaction strength in Eq. ([3| is model 
independent as far as we respect chiral symmetry for low energy hadron scattering. 
Solving the scattering equation without the off-diagonal components, we obtain 
a bound state in the KN channel and a resonance state in the irE channel [12] . 
These are the origins of two poles of /1(1405). In this way, /1(1405) is understood 
as the KN quasi-bound state in the resonating nS continuum. 

An important question is whether the structure of A(1405) is a two-hadron 
molecule state or a genuine quark state. This point has been studied from the 
viewpoint of the natural renormalization scheme [13] , response to the variation of 
number of colors N c [141115] . electromagnetic radii and form factors [16, 17 , and the 
compositeness and spatial size [18U19] . All these analyses indicate that A(1405) is 
dominated by the meson-baryon molecule component. The study of the AT-nuclear 
systems in section 4 is also backed by this finding. 

3 Realistic KN-ttS interaction 

For the application to the K bound states in nuclei, it is indispensable to constrain 
the KN interaction by experimental data quantitatively. In fact, the discrepancy 
of theoretical predictions of the KNN state (see section |4| is partly attributed 
to the uncertainty in the subthreshold extrapolation of the KN interaction. To 
this end, let us classify available experimental data in terms of the relevant energy 
region with respect to the KN threshold energy W^ N as 




(3) 
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1) total cross sections of K~p scattering (W > Wg N ), 

2) threshold branching ratios %Rn and R c (W = Wg- N ), 

3) energy shift AE and width r of kaonic hydrogen (W = Wg N ), 

4) irS mass spectrum (W < W^ N ). 

The cross section data 1) is obtained in old bubble chamber experiments for elastic 
(-> K~p) and inelastic (-> K°n,n + £~ ,n~ E + ,n° £° ,tt° A) channels. Although it 
constrains the energy dependence of the KN interaction above the threshold, the 
error bars are relatively large and there are some discrepancies among different 
measurements. The threshold branching ratios 2) are accurately determined from 
the K~ capture by hydrogen, but the data constrains the amplitude only at the 
threshold W = Wg N . It has been shown in a comprehensive analysis [20] that the 
combination of 1) and 2) is not sufficient to predict the K~p scattering length, 
due to uncertainties of data. It is therefore needed to include other constraints. 
The energy level of the kaonic hydrogen Is atomic state 3) is related with the 
complex K~p scattering length through the improved Deser-Trueman formula. 
Recently, new high-precision measurement of kaonic hydrogen has been performed 
by SIDDHARTA [21 . In view of the accuracy of the SIDDHARTA result, it can 
be an important constraint on the KN interaction. 

Persistent experimental efforts have been devoted to the extraction of the 
tvS spectrum 4) where yl(1405) is observed as a peak structure 22,23,24 . The 
tyS spectrum is also important for the subthreshold KN interaction through the 
coupled-channel effect. It is however not very suitable to include the ttE spectrum 
in the fitting analysis of the meson-baryon amplitude because of the following 
reasons. First, since the nS elastic scattering is experimentally impossible, the 
tvE spectrum is only accessible via production processes. The spectrum therefore 
depends on the production mechanism at initial stage as well as the final state 
interaction with other produced particles. Second, the experimental spectrum con- 
tains background contributions which are not completely under control. Third, the 
magnitude (absolute value) of the spectrum is usually in arbitrary unit. Even if the 
cross section is measured, it again depends on the model-dependent production 
mechanism. Hence, there is no "model-independent" method to relate the exper- 
imentally observed spectrum to the two-body scattering amplitude. These facts 
hinder a fair analysis of the experimental data. Nevertheless, one should check that 
the ttS spectrum obtained in the analysis is not very much far from the results 
of various experiments, in order to avoid unphysical solutions. Instead of the ir£ 
spectrum, we note that the 

5) ttE scattering length (W = W^s < Wg N ) 

can be an alternative constraint to the meson-baryon scattering amplitude. The 
scattering length is a normalized number at fixed energy (W = W^s), and is di- 
rectly related to the two-body scattering amplitude. It is shown in Ref. [25_ that 
the subthreshold extrapolation of the KN amplitude as well as the structure of 
yl(1405) are closely related to the value of the ivE scattering length. At this mo- 
ment, there is no experimental information, but determination of the nE scattering 
length may be possible in the weak decays of A c [26] and also by lattice QCD [271 
[28]. 

Based on the above discussion, we perform a systematic \ 2 analysis of the 
meson-baryon scattering amplitude in chiral coupled-channel approach, including 
experimental data of 1), 2), and the new SIDDHARTA result of 3) [251130] . The 
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Fig. 3 Real part (left) and imaginary part (right) of the K~p — » K~p forward scattering 
amplitude extrapolated to the subthreshold region. The empirical real and imaginary parts 
of the K~p scattering length deduced from the recent kaonic hydrogen measurement (SID- 
DHARTA 21.) are indicated by the dots including statistical and systematic errors. The shaded 
bands represent theoretical uncertainties. 



nS spectrum 4) is not used in the fitting procedure, but the spectrum is compared 
with experimental data in Ref. [30_. To investigate the significance of each term, 
we systematically include the interaction terms in Eq. |2]) as V = Vrw> V = 
Vtw + VBom, and V = Vtw + ^Bom + Vnlo- We use physical values for hadron 
masses and meson decay constants and the meson-baryon axial vector coupling 
contains D and F are determined by semileptonic hyperon decay. Then, the leading 
order interactions Vtw and Vsoin are completely fixed, while the NLO interaction 
Vnlo contains seven low-energy constants which are not determined by symmetry 
argument. In the loop function G, there are six subtraction constants a$ for each 
meson-baryon channel i. Thus, the number of free parameters is six (thirteen) in 
the model with (without) the NLO interaction. 

By performing the \ 2 analysis, we find that the models with Vtw and Vtw + 
VBom provide reasonable results (x 2 /d.o.f = 1.12 and 1.15, respectively), while 
best-fit requires the contribution from the NLO terms (x 2 /d.o.f = 0.96). In this 
way, we obtain a consistent description of the cross section data together with 
the K~p scattering length. We also perform the error analysis by introducing 
small variations of the subtraction constants. In Fig. [3] we show the uncertainty 
region of the subthreshold extrapolation of the K~p elastic scattering amplitude, 
constrained by the SIDDHARTA result and K~p — > ty°A cross sections. In contrast 
to the previous studies |31|I32]. the uncertainty is significantly reduced and the 
behavior of the amplitude in the subthreshold energy region is better controlled. 
This is also important for the study of nonmesonic K absorptions in nuclei. In this 
way, we find that the inclusion of SIDDHARTA result establishes the consistency 
of the scattering length with the cross section data, and reduces the uncertainty 
in the subthreshold extrapolation of the KN interaction. 

The high-precision data and the systematic analysis also reveal the origin of the 
remaining uncertainties. For instance, calculating the meson-baryon scattering in 
charge Q = —1 sector with the same model parameters, we find that the scattering 
length of K~n suffers from relatively large uncertainty. This result indicates that 
the present experimental database is not sufficient to control the isospin 1=1 
component of the meson-baryon amplitude. The 1=1 information may be supplied 
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by the measurement of kaonic deuterium, from which the K n scattering length 
can be extracted. 



4 Application to few-body systems 

Because the 4(1405) resonance is interpreted as a quasi-bound state of the KN 
system, K is considered to form a quasi-bound state also in nuclei [331134] . This can 
be understood by simple comparison of the AW and KN two-body interactions. It 
is known that two-body forces are attractive in both cases, and there is an s-wave 
bound (quasi-bound) state of the AW (KN) system in the 1 = channel. Thus, 
we may expect that A'-nuclear systems exhibit rich phenomena in many-body 
systems. It is interesting to note that the binding energy of the 4(1405) (~15-30 
MeV) is much larger than that of the deuteron (~ 2 MeV). At the same time, one 
should keep in mind the decay processes; KN can decay into nS and irA in free 
space, and K can be absorbed by two or more nucleons in many-body systems. 

The simplest KNN system has been studied by several groups using different 
treatments of KN interactions and few-body techniques 35,36,37,38,39,40,41, 
142] , Because of the ratio of the isospin components of the KN pair, spin J = 
system (which roughly corresponds to "K~pp") is intensively studied, while 
spin J = 1 state ("A"~d") is also discussed [33]. In Table [l] we summarize the 
present status of the theoretical studies of the KNN system with total spin J = 
0. In all cases, KNN system supports a quasi-bound state, while the results of 
the binding energy and width are not quantitatively converging. Note however 
that all the calculations, except for Ref. 02], have been performed before the 
SIDDHARTA experiment, so the K~p threshold constraint has not been taken 
into account. In future investigations, the inclusion of the SIDDHARTA constraint 
for the KN interaction will reduce the uncertainty of theoretical predictions of the 
if AW system. 

Spin J = 1 KNN state has been recently studied in variational calculation with 
A* N potential picture [43] . fixed center approximation to Faddeev equation [44] . 
and also three-body variational calculation of the KNN system [42J . Note that the 
former two studies have introduced an approximation in three body calculations; 
either the model space is reduced by assuming the A* cluster of the KN system, 
or the explicit AW dynamics is not solved in the calculation. In Refs. [43,42], the 

Table 1 Theoretical results of the KNN system with total spin J = in the chronological 
order (from left to right). The binding energy Bg- NN is measured from the KNN threshold, 
and the three-body decay width P-^y N does not include the absorption width to YN states. In 
"Method" row, Fadd. (Var.) stands for the Faddeev coupled-channel calculation (variational 
calculation with effective single-channel potential). The "KN interaction" row indicates the 
energy- (in) dependence of the KN interaction. Ref. [41| found additional pole at lower energy 
with huge width. 
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lowest energy state of spin J = 1 channel turns out to be A* N scattering state and 
no bound state is found below that. This does not contradict to Ref. [H] where 
a quasi-bound state is found at 9 MeV below the KNN threshold, because the 
variational study searches for the ground state of the system. More detailed quest 
for the quasi-bound state in this channel is interesting, since the binding energy 
is expected to be small and the quasi-bound state is closely related to the KN 
threshold information. 

Before closing this section, we briefly mention an analogues system in the charm 
sector, the DN interaction and the DNN quasi-bound state [15] . Using the vector 
meson exchange interaction |46j . we can identify the negative parity /l c (2595) 
resonance as a DN quasi-bound state. In this case, because of the narrow width 
of Tic (2595) (~ 3 MeV), the width of the three-body quasi-bound state can also 
be small [35], which is advantageous in experimental observation. 



5 Conclusion 

We have studied the KN-tvE interaction and its applications to few-body sys- 
tems. It is found that the strong coupled-channel KN--k£ dynamics generates 
the A(1405) resonance as a quasi-bound KN state in the strongly correlated nS 
continuum. We show that the recent measurement of kaonic hydrogen provides 
a strong constraint on the KN-tvS interaction. Theoretical investigations of the 
KNN system suggest that the antikaon should be bound in few-body nuclear sys- 
tems, although the quantitative results have been scattered due to experimental 
uncertainties. Thus, we are now in a position to study various interesting phenom- 
ena of K quasi-bound states in few-nucleon systems, using the realistic KN-nS 
interaction constrained by the kaonic hydrogen measurement. 
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